Isoproterenol, norepinephrine, and epinephrine covalently bound to glass beads exert a positive inotropic effect on isometrically contracting papillary muscles from cats. Immobilized isoproterenol maintains increases in force and velocity of contraction for more than 5 hr. 1 MM Cocaine potentiates the action of immobilized norepinephrine, isoproterenol, and epinephrine, but not of isoproterenol in solution. The data presented indicate that the effects of immobilized catecholamines are not due to their coming off the glass. The effects observed with cocaine and immobilized catecholamines are not altered by prior treatment of the muscle with reserpine. These results suggest that the major site of catecholamine action is on receptors located on the extended surface of myocardial cells and a post-junctional site for cocaine potentiation.
well as producing increases in contractile force and rate of rise of tension in isometrically contracting, isolated papillary muscles (3) . Accordingly, since catecholamine effects can best be studied when they are uncomplicated by secondary actions, we have undertaken a study of the response of isolated cat papillary muscle to immobilized catecholamines. The effects of cocaine on adrenergic effector systems have been known since 1910 (4) , when cocaine potentiation of catecholamine action was first observed. Potentiation of norepinephrine effects by cocaine is commonly attributed to inhibition by cocaine of the neuronal uptake of this amine, thereby resulting in a translocation of norepinephrine from the blocked nerve ending to the cell receptors that induces an increase in response of the affected organ, and gives a state of supersensitivity (5, 6) . The availability of immobilized catecholamines has provided an opportunity to examine this hypothesis in isolated cardiac muscle.
The present experiments on isolated cardiac muscle provide evidence that: (i) immobilized catecholamines exert their action on cardiac tissue while covalently bound to glass beads; (ii) immobilized catecholamines exert a positive inotropic effect in isolated cardiac muscle; and (iii) cocaine potentiates the action of immobilized catecholamines.
METHODS
Porous glass was obtained from Electronucleonics of the Corning Glass Works. This glass was modified according to methods outlined by the Corning Glass Works (H. H. Weetall, personal communication), with the following modifications: the glass was heated to 5550 to remove unwanted protein; a Teflon stirring paddle was used to mix the glass with a-aminopropyl triethoxysilane. This procedure minimized reduction of the size of the glass particles. The glass was extensively washed with water, and the alkyl amine derivative gave a positive reaction when tested with picrylsulfonic acid (7, 8) . 1 g of alkyl amine glass was then refluxed with 2 g of p-nitrobenzoyl chloride and reduced with dithionite at 25°for 6 hr, thus forming the aryl amine glass. The succinyl glass derivative was prepared from alkyl amine glass and succinic anhydride (2.0 g/1.5 g of glass). This material did not react with picrylsulfonic acid, indicating that all amino groups were blocked.
Nitric acid, chloroform, and toluene were all reagent grade. Succinic anhydride (Matheson, Coleman and Bell) had a melting point of 119-120'; p-nitrobenzoyl chloride (Eastman) was recrystallized from carbon tetrachloride. Triethylamine (Mallinckrodt), sodium dithionite (Matheson, Coleman and Bell), a-aminopropyl triethoxysilane (Aldrich), i-epinephrine (Sigma), picrylsulfonic acid, sodium salt dihydrate (Aldrich), Di,-isoproterenol (Sigma), and 1-cyclohexyl 3-(2-morpholinoethyl)-carbodiimide methoxy p-toluenesulfonate were used without further purification.
The succinyl glass (0. (3) that was maintained at 21-23°(pH 7.4) and was bubbled continuously with a mixture of 95% 02-5% CO2.
The horizontal position of the papillary muscle made it possible to retain the glass beads on the contracting muscles. Beads were removed from the muscles by rinsing the muscle with an aliquot of the bath solution. Beads removed by this method remained in the bath unless the bath solution was completely changed.
Cocaine HCl (1 MM) (Mallinckrodt) was stored frozen in 1-ml aliquots until used. Reserpine (Ciba) was injected subcutaneously (1 mg/kg) 24 hr before heart dissection.
Isoproterenol and norepinephrine were made up in solution at the indicated concentrations immediately before use.
For scanning electron microscopy (Cambridge S4), papillary muscles and beads were fixed in 0.1% gluteraldehyde solution for 1 hr, followed by fixation in a 1% solution for 1 hr. Muscle preparations were critical-point dried according to the procedure of Cohan et al. (9) . Samples were coated with 60% gold and 40% palladium in a vacuum evaporator to a thickness of 100-200 A.
The data presented represent the analyses of 46 technically satisfactory preparations out of 58 attempted.
RESULTS

Inotropic effects
Application of the immobilized catecholamines to the papillary muscles resulted in immediate increases in the force and velocity of contraction, the maximum increases being evident within 1-5 min of bead application. A return to the original force and velocity of contraction was seen only on removal of the immobilized catecholamines from the muscle. The effect of the addition of immobilized isoproterenol to a papillary muscle is compared to that of addition of a 1 AM isoproterenol solution to the bath of a separate muscle in Fig. 1 . The posi- tive inotropic effect of the immobilized isoproterenol was relatively well sustained and completely reversible by removal of the beads after more than 5 hr. In contrast, the effect of the soluble -catecholamine was complete in about 30 min. The reversible effects on removal of the immobilized catecholamines were demonstrated in every muscle tested.
A scanning electronmicrograph (magnification X70) of a 0.5-mm diameter papillary muscle showing the position of the glass beads is reproduced in Fig. 2 . The random size, shape, and surface area at bead contact is clearly visible. The glass beads varied from 300-500 ,m in diameter.
The average percent changes in force and velocity of contractions due to immobilized catecholamines are listed in Table  1 . Immobilized isoproterenol exhibited a greater potency than immobilized epinephrine or norepinephrine. The difference between immobilized isoproterenol and the other immobil zed amines was statistically significant (P < 0.05; Student's t-test).
In many muscles, the addition of a single glass bead with bound isoproterenol was sufficient to cause as much as a 30% increase in the force of contraction.
Cocaine effects
The effects of immobilized norepinephrine beads on a papillary muscle when 1 pM cocaine * HCO was added to the bath 14 min later are shown in Fig. 3 . The immobilized norepinephrine produced a positive inotropic response. Within 1 min after the addition of cocaine, there was an additional increase in the force and velocity of contraction in the eight muscles tested. increase representing the amount of catecholamine bound to the inner surfaces of the porous glass beads.
A similar group of 10 ['H]isoproterenol-labeled beads was placed on a papillary muscle, producing the usual positive inotropic effect. The beads were placed on and removed from the muscles with forceps. Table 2 shows the cpm found on the beads and on the muscle after 30 min of incubation in two of the experiments. After they were ground, the incubated beads gave more than 9000 cpm. The muscles did not yield counts above background, and a 100-jul sample of the Krebs solution also showed no significant radioactivity. Experiments with ['H]isoproterenol in solution (0.01 jAM) showed that counts greatly in excess of background could be detected on treated papillary muscle.
DISCUSSION
The effects observed with the immobilized catecholamines on isolated cat papillary muscle indicate that these agents, when bound, have a substantial and persistent positive inotropic effect. These studies add further scope to previously reported effects of immobilized catecholamines on the frequency of contraction in canine hearts in vivo and on chicken-embryo hearts and heart cells in vitro (1) .
An independent study by Dr. W. F. Riker, Cornell University Medical College, has shown that direct application of "isoproterenol glass beads" to the exposed sinoatrial region of isolated perfused guinea-pig hearts accelerated the spontaneous sinus rate. The rate appeared to increase in relation to the area of pacemaker tissue in contact with beads; the maximum increase observed was 129% (+77 beats/min) of the control. The effect developed to a peak over periods of 2-8 min and persisted as long as the beads remained in contact with the pacemaker tissue. On removal of the beads, the rate returned promptly to control.
Due to the heterogeneous nature of commercially available glass beads, we found it more satisfactory to react untreated glass beads by the procedures described in this paper. The resulting aryl amine glass has been, in our experience, very homogeneous and allows reproducibility in the preparation of the aryl amine-catecholamine derivative. It is of interest to note that we have produced a succinyl derivative of the glass and norepinephrine by this procedure. The norepi- (1973) nephrine is bound through the amine group in a manner similar to the agarose-norepinephrine derivative previously reported (10) . We have been unable to demonstrate biological activity of the glass-succinyl norepinephrine beads on papillary muscles when the beads were washed extensively to remove any free norepinephrine before use.
Due to the variable size and shape of the glass bead population and because of the random orientation, position, and contact of the beads on the muscle (Fig. 2) , the exact dose response relationships cannot, of course, be stated. Such a study might become possible with larger, nonporous beads of uniform size and shape. By use of such beads of known surface area of contact, it should then be feasible to calculate the number of drug molecules that are in contact with individual muscle cells relative to the overall changes in contracticility of the muscle. It is of interest that the application of one isoproterenol glass bead to a papillary muscle gave the same increase in force and velocity of contraction as that produced by a 0.1 AM solution of isoproterenol on the same muscle. Based on radioactive-binding studies, one bead binds about 200 pmol of isoproterenol, with roughly 10% of the agent on the surface of the bead. If this amount were displaced from the glass, it would yield only a 4 nM solution, inadequate to produce a response in the muscle, since 20 nM isoproterenol was the lowest dose at which a response could be evoked. Moreover, the radioactive-binding studies indicated that there was no detectable elution from the beads after 30 min of contact.
Numerous investigators have found cocaine to be completely without effect on the responses of isolated or intact organs to isoproterenol (11) (12) (13) (14) . In confirmation of such findings, we were unable to show any effects of cocaine on papillary muscles activated by isoproterenol in solution. In contrast, cocaine potentiates the effects of immobilized isoproterenol. (18) , and Shibato et al. (19) , that cocaine has a post-junctional site of action. Another explanation to account for these data could be that catecholamines were eluted from the glass, but the isoproterenol potentiation data negate this thesis. It could be argued that isoproterenol covalently bound to glass beads is no longer isoproterenol, but a new compound. It also is conceivable that the bound catecholamine on carbon chains linked to beads is reaching the prejunctional membrane site and is displaced from this site by cocaine, thus allowing the catecholamine derivative to swing over to the post-junctional site of action, although the length of the carbon chain would tend to argue against this. Papillary muscles from reserpinized cats serve as a control to indicate that the immobilized catecholamines and/or cocaine were not inducing the release of endogeneous norepinephrine.
Our evidence seems to indicate that isoproterenol, epinephrine, and norepinephrine bound to glass beads are responsible for the changes seen in cardiac muscle contracticility.
Although it has not been completely ruled out that we are dealing with extremely small amounts of unbound catecholamine effectively pooled on the cell surface, this is an unlikely mode of action in view of the characteristics of the bound radioactive catecholamines and the duration of action of the immobilized amines.
The potentiation of the action of the immobilized catecholamines by cocaine raises many questions about mechanisms of action of cocaine potentiation, especially in the case of immobilized isoproterenol. The immobilized catecholamines are new tools that may be useful in elucidating this and other adrenergic mechanisms. More importantly, the immobilized catecholamines provide a working example of how various drugs and hormones may be studied not only for their mode and mechanism of action, but also as a new approach to drug delivery.
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